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ABSTRACT: We observe the dendritic assembly of
alkanethiol-capped gold nanoparticles on a glassy carbon
support during electrochemical reduction of protons and
CO2. We ﬁnd that the primary mechanism by which
surfactant-ligated gold nanoparticles lose surface area is by
taking a random walk along the support, colliding with
their neighbors, and fusing to form dendrites, a type of
fractal aggregate. A random walk model reproduces the
fractal dimensionality of the dendrites observed exper-
imentally. The rate at which the dendrites form is strongly
dependent on the solubility of the surfactant in the
electrochemical double layer under the conditions of
electrolysis. Since alkanethiolate surfactants reductively
desorb at potentials close to the onset of CO2 reduction,
they do not poison the catalytic activity of the gold
nanoparticles. Although catalyst mobility is typically
thought to be limited for room-temperature electro-
chemistry, our results demonstrate that nanoparticle
mobility is signiﬁcant under conditions at which they
electrochemically catalyze gas evolution, even in the
presence of a high surface area carbon and binder. A
careful understanding of the electrolyte- and polarization-
dependent nanoparticle aggregation kinetics informs
strategies for maintaining catalyst dispersion during fuel-
forming electrocatalysis.
Critical catalytic transformations, such as the electrochemicalreduction of carbon dioxide, require the development of
high surface area catalysts that maintain their dispersion over
time. Practical electrocatalysts typically consist of nanoscale
crystallites, which provide high surface-area-to-volume ratios and
can be easily incorporated into membrane electrode assemblies.1
Nanocrystalline catalysts also exhibit unique electronic and
surface structures compared to their bulk counterparts.2
However, highly dispersed nanocrystals are thermodynamically
unstable relative to their corresponding bulk crystalline phase
because of the high degree of coordinative unsaturation of their
surface atoms. This provides a strong driving force for reducing
catalyst dispersion, which occurs via two principal mechanisms:
(1) diﬀusion of atomic species between nanoparticles,
commonly referred to as Ostwald ripening,3 or (2) diﬀusion,
collision, and coalescence of entire nanoparticles.4 Limiting these
two transport processes is critical for maintaining high catalyst
dispersion and preserving high activity per unit mass of the
material.
Noble metals, such as gold, are attractive for electrocatalysis
because they exhibit increased resistance to Ostwald ripening
compared to other metals.5 Gold, in the form of foils,6,7
nanoparticles,8,9 and clusters,10 is a selective catalyst for reducing
CO2 to CO. For gold under reducing conditions, the primary
mechanism available for surface area loss is the diﬀusion and
fusion of entire nanoparticles. At elevated temperature,
successive diﬀusion of individual atoms along the surface of the
nanoparticle collectively leads to a random walk of the entire
nanoparticle along the support. At room temperature, though,
there is insuﬃcient thermal energy to drive such a process for
gold.11,12 Despite this, we ﬁnd that during the electrochemical
reduction of protons and CO2, a gold nanoparticle electrocatalyst
takes a random walk along the support, fuses with its neighbors,
and forms dendrites.
As a model catalytic system, we use gold nanoparticles
supported on glassy carbon to electrochemically reduce CO2.
Dodecanethiol-capped gold nanoparticles13 of diameter 4.2 ±
0.5 nm were spin-coated onto a glassy carbon plate (Supporting
Information (SI)). This deposition method gives rise to a
random array of individual gold nanoparticles at an areal density
of ∼3 × 1011 particles/cm2 (Figure 1A). Gold nanoparticle-
coated glassy carbon plates prepared in this fashion served as the
working electrode in a three-electrode electrochemical cell
containing saturated CO2/0.1 MNaHCO3 electrolyte (hereafter
referred to as 0.1 M NaHCO3 buﬀer) (SI). Experiments were
conducted potentiostatically by polarizing to a desired potential
and measuring the current versus time (Figures S1). All
potentials are reported versus the reversible hydrogen electrode.
Alkanethiols are a convenient ligand for synthesizing gold
nanoparticles14 but are generally thought to poison catalytic sites
by blocking access to reactants.15 The thiol is not a poison for
electrochemical CO2 reduction because it is desorbed from the
gold surface at potentials at which we observe appreciable current
densities. Indeed, we observe comparable current densities for
CO2 reduction on our gold nanoparticle electrodes and gold foils
when we normalize for surface area (Figure S3), although the
Faradaic eﬃciency for CO2 reduction to CO is lower for our
dodecanethiol-capped gold nanoparticle electrodes (SI).
Upon polarization at −1.2 V, small dendrites with an average
diameter of 13 nm formed after 10 min (Figure 1B), and even
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larger dendrites with an average diameter of 140 nm formed after
100 min (Figure 1C) of electrolysis, as found using ex situ
scanning electron microscopy (SEM). Transmission electron
microscopy (TEM) analysis reveals that the initially spherical
particles (Figure 1D) fused into branched dendritic structures
(Figure 1E).
To further examine the mechanism by which dendrites form,
we modeled the diﬀusion and coalescence of nanoparticles using
a random walk algorithm (SI). Simulations of this type are well
suited to modeling dendrite formation, as they have been shown
to reproduce the patterns that arise from colloid aggregation.16,17
For each simulation, the initial state consists of a square lattice
with periodic boundary conditions that is randomly populated
with particles (Figure 2A) at the areal density that we
experimentally observe by SEM (SI). In each iteration of the
simulation, a randomly chosen particle moves randomly by one
unit in any direction. When two particles occupy neighboring
sites, they fuse irreversibly to form an aggregate with a probability
given by the sticking coeﬃcient ps, which we brieﬂy assume to be
unity. If the system is constrained such that fused particles remain
immobile on the substrate, small, unbranched aggregates result
from the simulation when no more individual particles remain
(Figure 2B). In order to form the larger, highly branched
structures observed experimentally (Figure 1C), this constraint
must be lifted. When the initially formed aggregates are also
allowed to move, much larger dendrites are produced (Figure
2C) if the simulation is allowed to run until the average diameter
of the dendrites is equal to that observed experimentally after 100
min of electrolysis (Figure 1C). While this model suggests that
small aggregates remain mobile over the course of electrolysis,
the forces that drive this motion remain unclear. In addition to
Brownian motion, bubble formation and particle charging may
contribute, particularly at very negative applied potentials.
If we impose a kinetic barrier to particle fusion by decreasing
the sticking coeﬃcient to ps = 0.1, we observe that dendrites
composed of thicker segments of approximately two initial
particle diameters form (Figure 2D), more closely matching the
dendrite ﬁlament thickness of two to three initial particle
diameters obtained experimentally (Figure 1E).
Figure 1. SEM of gold nanoparticles supported on glassy carbon after
(A) 0, (B) 10, and (C) 100 min of polarization at −1.2 V in 0.1 M
NaHCO3 buﬀer. TEM of (D) as-synthesized gold nanoparticles and (E)
a dendrite formed after 100 min of polarization.
Figure 2. Random walk simulations of dendrite formation. (A) Initial
condition. (B) Simulated dendrites if only individual particles move with
a sticking coeﬃcient of ps = 1. (C,D) Simulated dendrites if dendrites
also move with a sticking coeﬃcient of ps = 1 (C) and 0.1 (D). (E)
Dendrite area versus diameter. The solid line indicates a linear ﬁt to the
data. The dendrite diameter and area were non-dimensionalized using
the particle diameter and square of the particle diameter, respectively.
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The dendrites formed upon electrolysis can be viewed as
fractal structures, which are self-similar on multiple length
scales.18,19 Fractals are characterized by a non-integer
dimensionality, which is given by the slope of a linear ﬁt to a
plot of the logarithm of the area occupied by a dendrite versus the
logarithm of the maximum caliper diameter of the same dendrite
(SI). We expect fractal dimensionalities between the Euclidean
dimensions of 1 and 2, with larger values denoting more space-
ﬁlling structures. We ﬁrst calculate the fractal dimensionality of
dendrites produced after 100 min of polarization at −1.2 V.
Then, random walk simulations of dendrite formation are
allowed to proceed until the average of the maximum caliper
diameters of the simulated dendrites is the same as that measured
experimentally. Figure 2E plots the logarithm of area versus the
logarithm of maximum caliper diameter for experimental and
simulated dendrites. Both sets of dendrites span a similar range
and display a roughly linear trend. The fractal dimensionality of
the experimentally produced dendrites is 1.5 ± 0.1, which is
comparable to the fractal dimensionalities of 1.4 ± 0.1 and 1.3 ±
0.1 for reaction-limited and diﬀusion-limited dendrite formation,
respectively. This analysis further suggests that a diﬀusion-
collision model is suﬃcient to describe the pathway for dendrite
formation during electrolysis.
The course of dendrite formation is strongly dependent on
electrode potential. At −0.2 V, there is no observable dendritic
assembly (Figure 3A), and the electrode appears identical to the
unpolarized electrode (Figure 1A). However, dendritic assembly
is observed at−0.6 V (Figure 3B) and at more negative potentials
(Figure 1B). Importantly, the potential of this transition
coincides with the alkanethiolate reductive desorption potential
of −0.6 V,20,21 suggesting that productive particle fusion occurs
more readily when thiols are no longer chemisorbed to the gold
nanoparticle surface.
Surprisingly, dodecanethiol also inﬂuences the nanoparticle
assembly behavior well beyond its reductive desorption
potential. At potentials beyond −0.6 V, the thiolate−gold
chemisorption bond is ruptured; however, the dissociated
thiolate may remain physisorbed to the gold surface or carbon
support. Indeed, X-ray photoelectron spectroscopy of gold
nanoparticle-decorated electrodes subjected to exhaustive polar-
ization beyond −1.2 V reveals that thiolates remain on the
surface (Figures S4 and S5).22 The degree to which the
alkanethiol physisorbs is related to its solubility in the electrolyte,
which can be modulated by changing the pH.20,23 To interrogate
the impact of physisorbed ligands, we examined the dendritic
assembly in acidic and basic electrolytes under argon gas in the
absence of CO2. Although only H2 is evolved under these
conditions, the pH dependence of dendritic assembly provides
insights into the role of the physisorbed thiolates. There is no
observable dendritic assembly in 0.1 M H2SO4, pH 1, but rapid
dendritic assembly is observed during electrolysis in both 0.1 M
NaHCO3, pH 6.8, and 0.1 MKOH, pH 12 (Figure 4A,C,E). This
pH dependence is in line with the signiﬁcantly higher solubility of
dodecanethiolate relative to dodecanethiol in aqueous electro-
lytes.24 As dodecanethiol has a pKa of ∼10.5, reductive
desorption is accompanied by protonation to form a surface
adsorbed thiol in acidic media. These adsorbed thiols sterically
impede productive gold nanoparticle fusion events; thus, the
sticking coeﬃcient is suﬃciently low such that we observe
essentially no dendritic assembly (Figure 4A). In contrast, in
alkaline media, in which the thiolate is not protonated upon
reductive desorption, there is rapid dendritic assembly (Figure
4E). At a nearly neutral pH of 6.8, the observation of dendritic
assembly (Figure 4C) appears contrary to what we would expect
on the basis of the thiol pKa of 10.5; however, under reductive
polarization, the electrolyte can become signiﬁcantly more basic
in the vicinity of the electrode, especially in electrolytes with low
buﬀer capacity. We believe that the increased local pH under
polarization is responsible for increasing the local solubility of the
thiolate and driving dendritic assembly at intermediate pHs.
Consistent with this hypothesis, we observe reduced dendritic
assembly in 0.5 M NaHCO3 buﬀer (Figure 4D), in which the
increased electrolyte strength diminishes local pH gradients at
the electrode surface. Additionally, the increased ionic strength
may serve to screen charge−charge repulsion between the
physisorbed thiolates, inhibiting their dissociation from the
surface.23 We also observe that dendritic assembly is suppressed
upon going from 0.1 to 0.5 M KOH (Figure 4F), suggesting that
dielectric screening may also play a role in alkaline media; the
reduced dendritic assembly also improves activity for hydrogen
evolution (Figure S2). Solubility arguments can also be used to
rationalize why dodecanethiol is a more eﬀective ligand for
Figure 3. SEMs of electrodes after polarization for 10 min in 0.1 M
NaHCO3 buﬀer at (A) −0.2 and (B) −0.6 V.
Figure 4. SEMs of electrodes after polarization at −1.2 V for 10 min in
(A) 0.1 M H2SO4, (B) 0.5 M H2SO4, (C) 0.1 M NaHCO3, (D) 0.5 M
NaHCO3, (E) 0.1 M KOH, and (F) 0.5 M KOH.
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retarding dendritic assembly relative to dodecylamine (Figure
S6). Together, these results indicate that the electrolyte
composition is the primary determinant of the rate of dendritic
assembly by modulating the solubility of physisorbed surfactants.
The mobility of nanoparticles electrochemically catalyzing gas
evolution is a fundamental process that occurs even when the
nanoparticles are encapsulated in a binder, as is common in
practical catalytic systems. To demonstrate this, we have
examined the nanoparticle mobility and fusion events in a
composite system comprised of acetylene black and poly-
(vinylidene ﬂuoride). In this binder, dendritic assembly still
occurred (Figure 5) but at a slower rate than in the absence of
these additives. This suggests that the additives simply act to
provide steric hindrance between the diﬀusing particles, thereby
reducing the collision frequency. To block the diﬀusion−
aggregation process completely would require that the nano-
particles be bound to the substrate tightly enough to perturb the
nanoparticles themselves. What we have found here is that the
diﬀusion−aggregation process can be controlled by tuning the
ligand chemistry in such a way as to allow aggregation to proceed
up to a point, while retaining functional catalytic activity.
Our work demonstrates that carbon-supported nanoparticles
are subject to diﬀusion, collision, and fusion to form dendritic
assemblies under reductive polarization, even at room temper-
ature and in the presence of a high surface area carbon and
binder. A simple random walk model is suﬃcient to describe the
formation of dendrites with agreement between the simulated
and experimental fractal dimensionalities. Additionally, this study
highlights the critical role of electrolyte- and polarization-
dependent surface chemistry in mediating nanoparticle
aggregation during electrocatalysis. By giving an improved
understanding of the mechanism by which gold nanoparticles
lose surface area via dendritic assembly, these studies inform
strategies for preserving catalyst dispersion in order to maintain
activity under harsh electrochemical conditions.
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Figure 5. SEM of electrodes consisting of gold nanoparticles, acetylene
black, and poly(vinylidene ﬂuoride) (A) prior to polarization and (B)
following 100 min of polarization at −1.2 V in 0.1 M NaHCO3 buﬀer.
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